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Abstract ͷͳ
Although the EEG slow wave of sleep is typically considered to be a hallmark of Non ͷʹ
Rapid Eye Movement (NREM) sleep, recent work in mice has shown that slow waves ͷ͵
can also occur in REM sleep. Here we investigated the presence and cortical ͷͶ
distribution of negative delta (1-4 Hz) waves in human REM sleep by analyzing high-ͷͷ
density EEG sleep recordings obtained in 28 healthy subjects. We identified two ͷ͸
clusters of delta waves with distinctive properties: 1) a fronto-central cluster ͷ͹
characterized by ~2.5-3.0 Hz, relatively large, notched delta waves (so-called ͷͺ
‘sawtooth waves’) that tended to occur in bursts, were associated with increased ͷͻ
gamma activity and rapid eye movements, and upon source modeling, displayed an ͸Ͳ
occipito-temporal and a fronto-central component; and 2) a medial-occipital cluster ͸ͳ
characterized by more isolated, slower (<2 Hz) and smaller waves that were not ͸ʹ
associated with rapid eye movements, displayed a negative correlation with gamma ͸͵
activity and were also found in NREM sleep. Thus, delta waves are an integral part of ͸Ͷ
REM sleep in humans, and the two identified subtypes (sawtooth and medial-occipital ͸ͷ
slow waves) may reflect distinct generation mechanisms and functional roles. ͸͸
Sawtooth waves, which are exclusive to REM sleep, share many characteristics with ͸͹
ponto-geniculo-occipital (PGO) waves described in animals and may represent the ͸ͺ
human equivalent or a closely related event while medial-occipital slow waves appear ͸ͻ
similar to NREM sleep slow waves. ͹Ͳ
 ͹ͳ
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 ͹͵
Significance Statement ͹Ͷ
The EEG slow wave is typically considered a hallmark of NREM sleep, but recent ͹ͷ
work in mice has shown that it can also occur in REM sleep. By analyzing hd-EEG ͹͸
recordings collected in healthy adult individuals, we show that REM-sleep is ͹͹
characterized by prominent delta waves also in humans. In particular, we identified ͹ͺ
two distinctive clusters of delta waves with different properties: a fronto-central ͹ͻ
cluster characterized by faster, activating ‘sawtooth waves’ that share many ͺͲ
characteristics with PGO waves described in animals, and a medial-occipital cluster ͺͳ
containing slow waves which are more similar to NREM-sleep slow waves. These ͺʹ
findings indicate that REM-sleep is a spatially and temporally heterogeneous state, ͺ͵
and may contribute to explain its known functional and phenomenological properties. ͺͶ
ͺͷ
͵

Introduction ͺ͸
Sleep is characterized by relative quiescence and reduced responsiveness to external ͺ͹
stimuli. Based on electrophysiological hallmarks, sleep is divided into non-rapid eye ͺͺ
movement (NREM-)sleep and REM-sleep. While REM-sleep is characterized by ͺͻ
rapid eye movements and muscular atonia, and by a tonically ‘activated’ (low voltage, ͻͲ
high frequency) EEG resembling that of wakefulness (Aserinsky and Kleitman, 1953; ͻͳ
Dement and Kleitman, 1957), hallmarks of NREM-sleep include high-amplitude, ͻʹ
slow waves (≤4 Hz) and spindles (12-16 Hz) (Steriade et al., 1993, 2001). Given these ͻ͵
differences, it has been commonly assumed that wakefulness, NREM-sleep and ͻͶ
REM-sleep represent mutually exclusive ‘global’ states. This view has been recently ͻͷ
challenged by a growing body of evidence indicating that many features of sleep are ͻ͸
essentially local, and that islands of sleep- and wake-like activity may coexist in ͻ͹
different brain areas (Siclari and Tononi, 2017). ͻͺ
 ͻͻ
EEG slow waves of NREM-sleep occur when neurons become bistable and oscillate ͳͲͲ
between two states: a hyperpolarized down-state characterized by neuronal silence ͳͲͳ
(off-period), and a depolarized up-state during which neurons fire (on-period) ͳͲʹ
(Steriade et al., 2001). Intracranial recordings in humans have shown that during ͳͲ͵
stable NREM-sleep, slow waves can be restricted to some localized areas and occur ͳͲͶ
out of phase with other cortical regions (Nir et al., 2011). The regional distribution of ͳͲͷ
slow wave activity (SWA) has been shown to be modulated by recent experience and ͳͲ͸
learning (e.g., (Huber et al., 2004, 2006)). Local slow waves, involving small portions ͳͲ͹
of the cortical mantle, have also been shown to occur in awake humans (Hung et al., ͳͲͺ
2013; Bernardi et al., 2015) and rodents (Vyazovskiy et al., 2011, 2014), particularly ͳͲͻ
in conditions of sleep deprivation. Importantly for the purpose of our study, recent ͳͳͲ
work demonstrated that in mice (Funk et al., 2016), slow waves with neuronal off-ͳͳͳ
periods may also occur during REM-sleep in primary visual (V1), sensory (S1) and ͳͳʹ
motor (M1) areas, mainly in cortical layer 4. By contrast, associative areas, such as ͳͳ͵
V2, S2, or the retrosplenial cortex, showed the typical activated pattern of REM-ͳͳͶ
sleep. It is currently unknown whether similar regional differences and local slow ͳͳͷ
waves also exist in human REM-sleep. In fact, while great effort has been dedicated ͳͳ͸
to the study of prominent features of REM-sleep, such as theta (5-8 Hz) or high-ͳͳ͹
frequency (>25 Hz) activity, little attention has been given to delta (≤4 Hz) waves ͳͳͺ
during this sleep stage. A few studies found that delta power (1-4 Hz) in REM-sleep ͳͳͻ
had a different topographic distribution with respect to NREM-sleep (Tinguely et al., ͳʹͲ
2006; Ferrara and De Gennaro, 2011). In addition, we recently showed that both in ͳʹͳ
REM and NREM sleep, reduced delta power in posterior cortical regions is associated ͳʹʹ
with dreaming (Siclari et al., 2017), suggesting a similar functional significance of ͳʹ͵
slow waves across states. By analyzing slow wave characteristics in NREM sleep, we ͳʹͶ
identified two types of slow waves with distinct features: large, steep fronto-central ͳʹͷ
type I slow waves, which are likely generated in a bottom-up manner by arousal ͳʹ͸
systems, and smaller type II slow waves, which are diffusely distributed over the ͳʹ͹
cortical mantel and probably underlie a cortico-cortical synchronization mechanism ͳʹͺ
(Siclari et al., 2014). Further analyses showed that the two types of slow waves are ͳʹͻ
differentially related to dreaming (Siclari et al., 2018). ͳ͵Ͳ
 ͳ͵ͳ
In the present study we aimed at investigating the presence and cortical distribution ͳ͵ʹ
of delta (1-4 Hz) waves in human REM-sleep using high-density EEG recordings, ͳ͵͵
which provide an excellent combination of temporal and spatial resolution. We also ͳ͵Ͷ
wanted to determine whether we could identify different delta wave types with ͳ͵ͷ
Ͷ

distinct characteristics, similarly to NREM sleep. Sawtooth waves of REM-sleep, for ͳ͵͸
instance, are known to peak in the delta range (~3 Hz), but their properties and ͳ͵͹
cortical distributions have not been systematically investigated in humans using ͳ͵ͺ
techniques with a high spatial resolution. Therefore, we expected to identify at least ͳ͵ͻ
two types of delta waves in human REM-sleep, corresponding to sawtooth waves and ͳͶͲ
local slow waves involving primary sensory cortices. ͳͶͳ
 ͳͶʹ
 ͳͶ͵
Material and Methods ͳͶͶ
 ͳͶͷ
Participants. Overnight high-density (hd-)EEG recordings (Electrical Geodesics, ͳͶ͸
256 electrodes, 500 Hz sampling frequency) were obtained in 16 healthy volunteers ͳͶ͹
(age 24.9±4.5, 8 females; 13 right-handed). NREM-sleep data (but not REM-sleep ͳͶͺ
data) from 10 of these subjects has been reported in a previous publication (Bernardi ͳͶͻ
et al., 2018). All participants had a sleep duration of ~7 h/night, consistent bed/rise ͳͷͲ
times, no daytime nap habits and no excessive daytime sleepiness (total scores in the ͳͷͳ
Epworth Sleepiness Scale ≤10; (Johns, 1991)). A clinical interview was performed to ͳͷʹ
exclude a history of sleep, medical and psychiatric disorders. The study was approved ͳͷ͵
by the IRB of University of Wisconsin-Madison. Each participant signed an IRB-ͳͷͶ
approved informed consent form before enrollment into the study. ͳͷͷ
Since wake data was not available from the above subjects, specific analyses aimed ͳͷ͸
at comparing sleep- and wake-related brain activity (see below) were performed in a ͳͷ͹
different sample of 12 healthy adult individuals (age 25.5 ± 3.7, 6 females) who ͳͷͺ
underwent overnight hd-EEG sleep recordings after having spent 8 h in the sleep ͳͷͻ
laboratory while watching movies (analyses of wake and NREM-sleep data from ͳ͸Ͳ
these subjects has been reported in (Bernardi et al., submitted)). These recordings ͳ͸ͳ
were performed at Lausanne University Hospital, under a research protocol approved ͳ͸ʹ
by the local ethical committee. ͳ͸͵
 ͳ͸Ͷ
EEG data preprocessing. All hd-EEG recordings (Madison dataset) were first-order ͳ͸ͷ
high-pass filtered at 0.1 Hz and band-pass filtered between 0.5 and 58 Hz. For scoring ͳ͸͸
purposes, four of the 256 electrodes -two placed at the outer canthi of the eyes, and ͳ͸͹
two placed above and below one of the two eyes- were used to monitor eye ͳ͸ͺ
movements (electrooculography, EOG), while electrodes located in the chin-cheek ͳ͸ͻ
region were used to evaluate muscular activity (electromyography, EMG). Sleep ͳ͹Ͳ
scoring (Table 1) was performed over 30s epochs according to standard criteria by a ͳ͹ͳ
sleep medicine board certified physician (Iber et al., 2007). All the epochs scored as ͳ͹ʹ
REM-sleep were identified and extracted. ͳ͹͵
 ͳ͹Ͷ
[Table 1] ͳ͹ͷ
 ͳ͹͸
Detection and classification of delta waves. For each subject and recording, ͳ͹͹
channels containing artifactual activity were visually identified, rejected, and replaced ͳ͹ͺ
with data interpolated from nearby channels using spherical splines (NetStation, ͳ͹ͻ
Electrical Geodesics Inc.). Potential ocular, muscular and electrocardiograph artifacts ͳͺͲ
were removed using Independent Component Analysis (ICA) in EEGLAB (Delorme ͳͺͳ
and Makeig, 2004). An algorithm based on the analysis of consecutive signal zero-ͳͺʹ
crossings (Riedner et al., 2007) was adapted for the detection of delta waves in REM-ͳͺ͵
sleep. Before application of the algorithm, the signal of each channel was referenced ͳͺͶ
to the average of the two mastoid electrodes, down-sampled to 128 Hz, and filtered ͳͺͷ
ͷ

between 1 and 10 Hz (the upper limit of the filter was selected to minimize wave ͳͺ͸
shape and amplitude distortions). For each detected half-wave with duration between ͳͺ͹
125 and 500 ms (1-4 Hz), the following properties were extracted and stored for ͳͺͺ
further analyses: negative amplitude (μV), duration (ms) and number of negative ͳͺͻ
peaks (np/w). As described in previous work (Riedner et al., 2007), the negative peaks ͳͻͲ
were identified based on the zero crossings of the EEG signal derivative ͳͻͳ
corresponding to the negative half-wave, after application of a 50-ms moving-average ͳͻʹ
filter. The density of slow waves (waves per minute; w/min) was also computed.  ͳͻ͵
Preliminary analyses revealed two spatially distinct clusters of low-frequency waves ͳͻͶ
in the 1-4 Hz range: a fronto-central and a medial-occipital cluster characterized by ͳͻͷ
different frequencies and amplitudes (Figure 1). For this reason, subsequent analyses ͳͻ͸
were in part adapted to the characteristics of the two delta wave types (see Results).  ͳͻ͹
 ͳͻͺ
Temporal clusterization of delta waves. We investigated the tendency of delta ͳͻͻ
waves to occur in bursts. Bursts were defined as a series of at least 3 consecutive ʹͲͲ
waves whose maximum negative peaks were less than 750 ms apart. For this analysis ʹͲͳ
a slightly broader half-wave duration limit (range 1-5 Hz) was used to minimize ʹͲʹ
exclusion of potential ‘borderline’ delta waves within a burst. An amplitude constraint ʹͲ͵
was applied so that the amplitude of each consecutive wave in the burst had to vary ʹͲͶ
by less than 25% (relative to the preceding wave). No other amplitude or duration ʹͲͷ
threshold was applied. ʹͲ͸
 ʹͲ͹
Relationship with rapid eye movements. Individual rapid eye movements (EMs) ʹͲͺ
were identified using an automatic detection algorithm (Betta et al., 2013, 2015). In ʹͲͻ
brief, the algorithm detects local peaks in the sum of the Haar Wavelet Transform ʹͳͲ
coefficients in a specific frequency range (0.8-5 Hz) to determine the exact timing and ʹͳͳ
duration of each eye movement (Betta et al., 2013). Bursts of rapid EMs were defined ʹͳʹ
as serial EMs (2 or more) separated by less than 1 s. Isolated rapid EMs/bursts were ʹͳ͵
defined as single EMs/bursts preceded and followed by periods of at least 5s without ʹͳͶ
rapid EMs. To determine how delta waves relate to rapid EMs, for each isolated EM, ʹͳͷ
wave density was calculated in two windows corresponding to 1 s before the onset of ʹͳ͸
the first EM (‘pre’) and 1 s after the end of the last EM (‘post’). ʹͳ͹
Phasic REM periods were defined as time periods longer than 5 s that were occupied ʹͳͺ
by EMs for more than 50% of their length. EMs in this time window had to be less ʹͳͻ
than 2s apart to be considered as part of the same phasic period. Tonic REM episodes ʹʹͲ
were defined as time periods longer than 5s that were completely free from any EMs. ʹʹͳ
The average density of fronto-central and medial-occipital waves was calculated in all ʹʹʹ
phasic and tonic periods. ʹʹ͵
In order to increase the signal-to-noise ratio of these analyses, amplitude thresholds ʹʹͶ
corresponding to 10 μV and 3 μV were applied for fronto-central and medial-occipital ʹʹͷ
delta waves, respectively. ʹʹ͸
 ʹʹ͹
Relationship with high-frequency activity. Next, in light of previous observations ʹʹͺ
linking NREM slow waves to changes in high-frequency EEG activity (Valderrama et ʹʹͻ
al., 2012; Siclari et al., 2014), we examined the temporal relation between gamma and ʹ͵Ͳ
delta power during delta waves of REM-sleep. For each wave, the band-specific ʹ͵ͳ
instantaneous signal power was computed as the root mean square (RMS, time-ʹ͵ʹ
window = 40 ms, step = 20 ms) of the delta (0.5-4 Hz) and gamma band-pass filtered ʹ͵͵
(30-55 Hz) signals in a 2 s time-window centered on the negative peak of the delta ʹ͵Ͷ
wave. To increase the signal-to-noise ratio, amplitude thresholds corresponding to 10 ʹ͵ͷ
͸

μV and 3 μV were applied for fronto-central and medial-occipital delta waves, ʹ͵͸
respectively. For each subject, delta and gamma RMS time-series were z-score ʹ͵͹
transformed in a 600 ms time window centered on the wave negative peak, and then ʹ͵ͺ
averaged across all the detected waves. ʹ͵ͻ
 ʹͶͲ
Overnight changes in delta waves. Slow waves of NREM-sleep are known to ʹͶͳ
change in density and amplitude across a night of sleep (Riedner et al., 2007; Bernardi ʹͶʹ
et al., 2018). Thus, here we evaluated whether delta waves of REM-sleep undergo ʹͶ͵
similar changes. Specifically, for each subject, we first calculated the mean density ʹͶͶ
and amplitude of delta waves within each REM-sleep cycle. Then, the magnitude of ʹͶͷ
the density/amplitude changes (‘slope’) was calculated across cycles using least ʹͶ͸
square linear regression (considering as independent variable the absolute sleep time ʹͶ͹
at half of the corresponding REM-sleep cycle). ʹͶͺ
 ʹͶͻ
Relationship with delta waves of NREM-sleep. In order to evaluate similarities and ʹͷͲ
differences between delta waves of REM- and NREM-sleep, additional analyses were ʹͷͳ
performed on a sub-sample of 10 subjects (4 females, age 25.4±4.7). NREM data of ʹͷʹ
these 10 subjects was preprocessed using the same procedures described above as part ʹͷ͵
of a previous publication aimed at exploring different types of slow waves during ʹͷͶ
NREM-sleep (Bernardi et al., 2018). For these subjects, the same negative half-wave ʹͷͷ
detection algorithm described above was applied to N2 and N3 sleep data of the ʹͷ͸
whole night on a channel-by-channel basis. Then, half-waves with duration 125-250 ʹͷ͹
ms (>2 Hz) and 300-500 ms (<2 Hz) were identified to calculate mean density ʹͷͺ
(w/min) and negative amplitude (μV). A non-parametric Friedman test was applied to ʹͷͻ
investigate potential stage-dependent (N2/N3/REM) differences in these parameters. ʹ͸Ͳ
 ʹ͸ͳ
Specificity of REM-sleep delta waves with respect to wakefulness. In order to ʹ͸ʹ
verify whether delta waves of REM sleep are specific of this stage or may also be ʹ͸͵
observed in wakefulness, additional analyses were performed using REM and waking ʹ͸Ͷ
(rest with eyes closed) data collected in 12 healthy adults (6 females, age 25.5 3.7; ʹ͸ͷ
Bernardi et al., submitted). These recordings were preprocessed as previously ʹ͸͸
described, but a 0.5-45 Hz bandpass filter was used in this case. Moreover, resting ʹ͸͹
state recordings in wakefulness were initially divided into non-overlapping 5 s epochs ʹ͸ͺ
and visually inspected to identify and reject epochs containing clear artifacts, before ʹ͸ͻ
application of the ICA procedure. A non-parametric Wilcoxon signed rank test was ʹ͹Ͳ
used to compare amplitude and density of delta waves across REM-sleep and ʹ͹ͳ
wakefulness. ʹ͹ʹ
 ʹ͹͵
Source modeling analysis. A source modeling analysis was performed to determine ʹ͹Ͷ
the cortical involvement of delta waves in REM-sleep. First, the negative-going ʹ͹ͷ
envelope of the EEG signal was obtained by selecting the second most negative ʹ͹͸
sample across 65 channels included in a medial fronto-central or in a temporo-ʹ͹͹
occipital region of interest (ROI) (Siclari et al., 2014; Mensen et al., 2016). The ʹ͹ͺ
resulting signal was broadband filtered (0.5-40 Hz, stop-band at 0.1 and 60 Hz) and ʹ͹ͻ
the same negative half-wave detection algorithm described above was applied. ʹͺͲ
Specific criteria were applied to further select waves with typical properties of fronto-ʹͺͳ
central and medial-occipital waves, respectively, and to optimize source estimation ʹͺʹ
while minimizing the potential impact of residual noise. In particular, anterior waves ʹͺ͵
with a negative amplitude greater than 20 μV and a duration of 125-375 ms, and ʹͺͶ
posterior waves with a negative amplitude of 5-50 μV and a duration >300 ms were ʹͺͷ
͹

analyzed. The duration ranges applied here were broader than those reported for the ʹͺ͸
other analyses at the single-channel level in order to take into account potential wave ʹͺ͹
propagation (Massimini et al., 2004; Mensen et al., 2016). For the analysis of fronto-ʹͺͺ
central waves, the EEG signal was filtered between 2 and 5 Hz (stop-band at 1.5 and ʹͺͻ
6 Hz), while it was filtered between 0.5 and 2.5 Hz (stop-band at 0.1 and 4 Hz) for ʹͻͲ
medial-occipital waves. Then, source localization was performed on 1s data segments ʹͻͳ
centered on the negative peak of each delta wave using GeoSource (NetStation, ʹͻʹ
Electrical Geodesics, Inc). A four-shell head model based on the Montreal ʹͻ͵
Neurological Institute (MNI) atlas and a standard coregistered set of electrode ʹͻͶ
positions were used to construct the forward model. The inverse matrix was computed ʹͻͷ
using the standardized low-resolution brain electromagnetic tomography (sLORETA) ʹͻ͸
constraint. A Tikhonov regularization procedure (10-2) was applied to account for the ʹͻ͹
variability in the signal-to-noise ratio. The source space was restricted to 2,447 ʹͻͺ
dipoles distributed over 7 mm3 cortical voxels. For each delta wave, the cortical ʹͻͻ
involvement was computed as the average of the relative current density achieved ͵ͲͲ
within a time-window of 20 ms around the wave negative peak. Finally, for each ͵Ͳͳ
subject, the probabilistic involvement was defined as the probability for each voxel to ͵Ͳʹ
be among the 25% of voxels showing the maximal cortical involvement. ͵Ͳ͵
 ͵ͲͶ
Experimental Design and Statistical Analysis. All statistical analyses were ͵Ͳͷ
performed using MATLAB (TheMathWorks, Inc.) or SPSS Statistics (IBM Corp., ͵Ͳ͸
Armonk, N.Y., USA). ͵Ͳ͹
Statistical comparisons between phasic and tonic REM periods or between pre- and ͵Ͳͺ
post-EM periods were performed using parametric paired t-tests including all study ͵Ͳͻ
participants (N=16; Madison Dataset). The relationship between the number of delta ͵ͳͲ
waves and the number of rapid EMs was investigated using the Spearman’s ͵ͳͳ
correlation coefficient. A non-parametric, permutation-based test was used to evaluate ͵ͳʹ
significance of overnight amplitude and density changes in delta waves. Non-͵ͳ͵
parametric Friedman’s tests were applied to identify potential differences across sleep ͵ͳͶ
stages (N2, N3, REM), while Wilcoxon signed rank tests were used for paired ͵ͳͷ
comparisons with relatively small sample sizes (N=10, or N=12). ͵ͳ͸
When hypotheses were tested across multiple voxels/electrodes, a non-parametric ͵ͳ͹
approach based on the definition of a cluster-size-threshold was used to control for ͵ͳͺ
multiple comparisons (Nichols and Holmes, 2002; Fattinger et al., 2017). Specifically, ͵ͳͻ
a null distribution was generated by randomly relabeling the condition-label from the ͵ʹͲ
original data for group-level comparisons and by randomly reordering observations ͵ʹͳ
for correlation analyses (N permutations = 1,000). For each permutation, the maximal ͵ʹʹ
size of the resulting clusters reaching an (uncorrected) significance threshold of p < ͵ʹ͵
0.05 were included in the cluster-size distribution. Then, the 95th percentile (5% ͵ʹͶ
significance level) was determined as the critical cluster-size threshold.  ͵ʹͷ
 ͵ʹ͸
Results ͵ʹ͹
 ͵ʹͺ
Topographic analysis of delta waves in REM-sleep. First, we evaluated the ͵ʹͻ
topographic distribution of the density, amplitude, duration and negative peaks of all ͵͵Ͳ
negative waves detected in the 1-4 Hz range (Figure 1A). We identified two spatially ͵͵ͳ
distinct clusters with different properties: i) a fronto-central cluster, in which waves ͵͵ʹ
had a relatively high density, a high amplitude, a low duration and a low number of ͵͵͵
negative peaks, and ii) a medial-occipital cluster characterized by fewer waves, with a ͵͵Ͷ
lower amplitude, a longer duration and a higher number of negative peaks. Next, we ͵͵ͷ
ͺ

selected a representative electrode for each of the two clusters (channel 8, ͵͵͸
corresponding to the channel between Fz and Cz, and channel 137, corresponding to ͵͵͹
Oz), and compared the distribution of wave density as a function of their duration ͵͵ͺ
between the two channels (Figure 1B, left part). This analysis confirmed that the ͵͵ͻ
frontal cluster contained more faster waves (125 to 250 ms, >2 Hz), while the medial-͵ͶͲ
occipital cluster contained more slower waves (300 to 500 ms, <2 Hz). Mean values ͵Ͷͳ
for density, amplitude and negative peaks for characteristic faster fronto-central ͵Ͷʹ
waves (125-250 ms) and slower medial-occipital waves (300 to 500 ms) are shown in ͵Ͷ͵
Figure 1B (right part). Next, to better characterize the temporal dynamics of the ͵ͶͶ
occurrence of delta waves, we evaluated the topographic distribution of wave ͵Ͷͷ
parameters only for delta waves occurring in bursts (see Methods for details). This ͵Ͷ͸
analysis revealed that waves occurring in bursts were mainly found in the fronto-͵Ͷ͹
central cluster and had similar characteristics to the fronto-central waves described ͵Ͷͺ
above (Figure 2). For subsequent analyses, we distinguished between fronto-central ͵Ͷͻ
faster waves lasting 125-250 ms, and medial-occipital slower waves lasting 300-500 ͵ͷͲ
ms. We found that both types of waves were essentially local, as indicated by the ͵ͷͳ
mean proportion of recruited channels (32.0 ± 4.0% for fronto-central waves and 9.5 ͵ͷʹ
± 3.5% for medial-occipital waves; Figure 3) and by the low probability of ͵ͷ͵
simultaneous detections in the fronto-central and in the medial-occipital electrode ͵ͷͶ
(15.2 ± 5.0% and 4.6 ± 3.5%, respectively). Importantly, faster fronto-central and ͵ͷͷ
slower medial-occipital waves tended to occur independently from each other: for ͵ͷ͸
each wave type, co-occurrence with the other wave type across the fronto-central and ͵ͷ͹
the medial-occipital electrode was observed for only 4.9 ± 1.3% and 16.4 ± 4.3% of ͵ͷͺ
all delta waves, respectively. Given that the observed values are closer to 0% than to ͵ͷͻ
100%, our results suggest the existence of distinct generators for the two wave types. ͵͸Ͳ
 ͵͸ͳ
 ͵͸ʹ
[Figure 1] ͵͸͵
 ͵͸Ͷ
[Figure 2] ͵͸ͷ
 ͵͸͸
[Figure 3] ͵͸͹
 ͵͸ͺ
 ͵͸ͻ
Faster fronto-central waves (‘sawtooth waves’). Visual inspection of these waves ͵͹Ͳ
revealed that many of them looked like typical ‘sawtooth waves’ of REM-sleep ͵͹ͳ
(Figure 4A), displaying a notch either before or after the maximum negative peak. ͵͹ʹ
These waves showed a frequency peak between 2.5 and 3 Hz and a maximum power ͵͹͵
between the vertex (Cz) and frontal (Fz) electrodes (Figure 4A-B). It should be noted ͵͹Ͷ
that in some studies, sawtooth waves are described as having a positive polarity (i.e., ͵͹ͷ
recognizing the positive component as prominent; (Yasoshima et al., 1984; Sato et al., ͵͹͸
1997)) while others have regarded sawtooth waves as negative waves (Terzano et al., ͵͹͹
1997; Rodenbeck et al., 2006). In fact, sawtooth waves often present a relatively ͵͹ͺ
symmetrical distribution around the zero voltage baseline. In the present work, only ͵͹ͻ
negative half-waves were specifically included (Terzano et al., 1997; Rodenbeck et ͵ͺͲ
al., 2006). Source modeling of the signal corresponding to the maximum negative ͵ͺͳ
peak revealed the greatest overlap between subjects (>10) in a medial frontal area ͵ͺʹ
comprising the mid-cingulate gyrus, the supplementary motor area (SMA) and the ͵ͺ͵
medial part of the primary motor (M1) cortex (Figure 4C). Sawtooth waves displayed ͵ͺͶ
a clear density increase before rapid EM and during phasic REM periods (Figure 4D), ͵ͺͷ
in line with previous observations in both human subjects and primates (Berger et al., ͵ͺ͸
ͻ

1962; Schwartz, 1962; Snyder et al., 1978; Sato et al., 1997; Pearl et al., 2002; ͵ͺ͹
Takaharaa et al., 2009). A direct positive correlation between the number of sawtooth ͵ͺͺ
waves preceding the EMs and the number of associated EMs was also observed ͵ͺͻ
(Figure 5). Finally, the analysis of gamma activity during sawtooth waves revealed a ͵ͻͲ
positive, in-phase, association between low- and high-frequency EEG activity (Figure ͵ͻͳ
4E). ͵ͻʹ
 ͵ͻ͵
 ͵ͻͶ
[Figure 4] ͵ͻͷ
 ͵ͻ͸
[Figure 5] ͵ͻ͹
 ͵ͻͺ
Next, given the notched appearance of typical sawtooth waves (Rodenbeck et al., ͵ͻͻ
2006), we evaluated the topographic and cortical distribution of the signal during the ͶͲͲ
notch and maximum negative peak of the wave separately. Specifically, for each ͶͲͳ
detected wave presenting characteristics of sawtooth waves, we visually identified the ͶͲʹ
timing of the most prominent secondary peak occurring on the negative slope (from ͶͲ͵
positive to negative) of the wave. This analysis, applied at the scalp and source level ͶͲͶ
revealed that the notched appearance results from the superimposition of two cortical ͶͲͷ
sources: a fronto-central source corresponding to the maximal negative peak of the ͶͲ͸
sawtooth wave, involving the mid-cingulate, medial and superior frontal areas ͶͲ͹
(including motor and premotor regions), and a posterior source, corresponding to the ͶͲͺ
notch of the wave, involving occipital and inferior temporo-occipital areas. Results of ͶͲͻ
one representative subject are shown in Figure 6. For consistency, only sawtooth ͶͳͲ
waves with a notch preceding the maximum negative peak were visually identified for Ͷͳͳ
this analysis although sometimes, a notch could also be observed following the Ͷͳʹ
maximum negative peak.  Ͷͳ͵
 ͶͳͶ
 Ͷͳͷ
[Figure 6] Ͷͳ͸
 Ͷͳ͹
 Ͷͳͺ
Slow medial-occipital waves. Visual inspection of EEG traces revealed that the Ͷͳͻ
great majority of slow (300-500 ms) medial-occipital waves corresponded to shallow ͶʹͲ
negative deflections, frequently accompanied by faster, superimposed theta-alpha Ͷʹͳ
activity (Figure 7A). These waves showed their maximum power in the occipital Ͷʹʹ
cortex (Figure 7A-C) and did not display clear changes in relation to rapid EM. Ͷʹ͵
However, they showed a relative decrease in fronto-central, but not in occipital areas ͶʹͶ
during phasic vs. tonic REM-sleep periods (Figure 7D). Similar to slow waves in Ͷʹͷ
NREM-sleep (e.g., (Siclari et al., 2014)), REM slow waves were associated with a Ͷʹ͸
decrease in gamma activity (Figure 7E). Ͷʹ͹
 Ͷʹͺ
 Ͷʹͻ
[Figure 7] Ͷ͵Ͳ
 Ͷ͵ͳ
 Ͷ͵ʹ
Overnight changes in delta waves. An analysis of overnight changes in wave Ͷ͵͵
amplitude revealed a significant, non-region-specific (i.e., both frontal and occipital) Ͷ͵Ͷ
and non-frequency-specific (i.e., for both faster and slower waves) decrease across the Ͷ͵ͷ
night (Figure 8). No overnight changes in wave density were observed. Ͷ͵͸
 Ͷ͵͹
ͳͲ

 Ͷ͵ͺ
[Figure 8] Ͷ͵ͻ
 ͶͶͲ
 ͶͶͳ
Relationship with delta waves of NREM sleep. We then asked whether waves with ͶͶʹ
‘sawtooth’ and ‘medial-occipital’ characteristics were specific to REM-sleep or ͶͶ͵
whether they could also occur in NREM-sleep. We found that the density of delta ͶͶͶ
waves in the sawtooth frequency range differed significantly between stages ͶͶͷ
(Friedman test p < 0.0001, X2 = 20.0) in the fronto-central region, being maximal in ͶͶ͸
REM-sleep, and lowest in N3-sleep (p < 0.005, |z| = 2.803; Wilcoxon signed-rank ͶͶ͹
test). Instead, the density of slower waves in the medial-occipital cluster did not ͶͶͺ
change significantly across sleep stages (Friedman test p > 0.05, X2 = 5.4; Figure 9). ͶͶͻ
Amplitude was significantly higher in N2 and N3 sleep than in REM-sleep for both ͶͷͲ
faster fronto-central waves (Friedman test p < 0.0001, X2 = 16.8.0) and slower Ͷͷͳ
medial-occipital waves (Friedman test p < 0.0001, X2 = 20.0). For a topographic Ͷͷʹ
display of waves across stages, see Figure 10.  Ͷͷ͵
 ͶͷͶ
 Ͷͷͷ
[Figure 9] Ͷͷ͸
 Ͷͷ͹
[Figure 10] Ͷͷͺ
 Ͷͷͻ
 Ͷ͸Ͳ
Relationship with delta waves of wakefulness. Because we found that the slower Ͷ͸ͳ
medial occipital waves were not specific to REM-sleep, but also occurred with a Ͷ͸ʹ
similar incidence in NREM-sleep, we asked whether they were also present in Ͷ͸͵
wakefulness. To this aim we performed an additional analysis in a different dataset, Ͷ͸Ͷ
containing both REM-sleep and wake data (2 min of relaxed wakefulness obtained Ͷ͸ͷ
with eyes closed in the morning). This analysis showed that medial-occipital slow Ͷ͸͸
waves had a significantly lower density (p < 0.005, |z| = 3.059) in wakefulness Ͷ͸͹
relative to REM-sleep. Specifically, the average density was 5.5 ± 2.8 w/min in awake Ͷ͸ͺ
subjects, and 14.1 ± 1.6 w/min during REM-sleep (across the whole night), Ͷ͸ͻ
suggesting that they are clearly modulated by the change in behavioral state (sleep vs. Ͷ͹Ͳ
wakefulness). Wave amplitude was similar across conditions (p = 0.272, |z| = 1.098). Ͷ͹ͳ
The same analysis performed for faster, fronto-central waves showed that these waves Ͷ͹ʹ
had a higher density (p < 0.005, |z| = 3.059) and amplitude (p < 0.005, |z| = 2.903) in Ͷ͹͵
REM-sleep relative to wakefulness. The average density of fronto-central waves was Ͷ͹Ͷ
34.0 ± 4.7 w/min in awake subjects, and 54.1 ± 7.1 w/min during REM-sleep. Ͷ͹ͷ
 Ͷ͹͸
 Ͷ͹͹
Discussion Ͷ͹ͺ
 Ͷ͹ͻ
Here we show that delta waves (≤4 Hz) are an integral part of human REM-sleep. By ͶͺͲ
analyzing delta wave properties separately, two distinct spatial clusters emerged Ͷͺͳ
spontaneously: a frontal-central cluster with frequent, faster (2-4 Hz) high-amplitude Ͷͺʹ
waves and a medial-occipital cluster with isolated, slower (<2 Hz), low-amplitude Ͷͺ͵
waves. Both waves were essentially local, involving only a minority of channels, and ͶͺͶ
occurred independently from one another.  Ͷͺͷ
 Ͷͺ͸
ͳͳ

Fronto-central sawtooth waves. These waves resembled typical sawtooth waves of Ͷͺ͹
REM sleep, originally described in the 1960s (Jouvet et al., 1960; Schwartz and Ͷͺͺ
Fischgold, 1960; Berger et al., 1962). There is no universal agreement on defining Ͷͺͻ
criteria for sawtooth waves, but they are often described as medium amplitude waves ͶͻͲ
(≥ 20 μV) between 2 and 5 Hz (Jouvet et al., 1960; Berger et al., 1962; Yasoshima et Ͷͻͳ
al., 1984; Pinto Jr et al., 2002; Vega-Bermudez et al., 2005), with a triangular shape Ͷͻʹ
(initial slow increase followed by a steep decrease (Rechtschaffen and Kales, 1968; Ͷͻ͵
Tafti et al., 1991; Rodenbeck et al., 2006)), and a maximal fronto-central amplitude ͶͻͶ
(Yasoshima et al., 1984; Broughton and Hasan, 1995). The presence of a notch, Ͷͻͷ
usually on the positive-to-negative slope, is occasionally mentioned (Foulkes and Ͷͻ͸
Pope, 1973; Rodenbeck et al., 2006). Sawtooth waves tend to occur in bursts (Geisler Ͷͻ͹
et al., 1987; Sato et al., 1997), herald the beginning of REM-sleep (Sato et al., 1997) Ͷͻͺ
and often, but not necessarily accompany bursts of rapid EMs (Berger et al., 1962; Ͷͻͻ
Schwartz, 1962; Sato et al., 1997; Takaharaa et al., 2009). The characteristics of ͷͲͲ
fronto-central waves described herein are consistent with these observations. In ͷͲͳ
addition, we provide several novel findings. First, using source modeling, we ͷͲʹ
demonstrate a maximal involvement in medial prefrontal areas (mid-cingulate cortex, ͷͲ͵
SMA and the medial M1). We also identified a secondary temporo-occipital source, ͷͲͶ
associated with the sawtooth wave ‘notch’. Second, we showed that sawtooth waves ͷͲͷ
are accompanied by an (in-phase) increase in high-frequency activity, suggesting an ͷͲ͸
‘activating’ effect (i.e., increased neuronal firing (Steriade et al., 1996)). The ͷͲ͹
mechanism underlying these waves is thus likely different from NREM slow waves, ͷͲͺ
which are associated with neuronal silence (OFF-periods). Finally, we were able to ͷͲͻ
document a direct correlation between sawtooth waves and rapid EMs (the more ͷͳͲ
sawtooth waves, the more subsequent EMs).  ͷͳͳ
 ͷͳʹ
The characteristics of sawtooth waves raise the possibility that they are related to ͷͳ͵
ponto-geniculo-occipital (PGO) waves, which were originally described in cats and ͷͳͶ
consist of phasic electric potentials recorded from the pons, the lateral geniculate ͷͳͷ
body (LGB), and the occipital cortex (Jouvet and Michel, 1959; Mikiten, 1961; ͷͳ͸
Brooks and Bizzi, 1963; Mouret et al., 1963). They have also been mapped in limbic ͷͳ͹
areas (amygdala, cingulate cortex and hippocampus). Similar to sawtooth waves, ͷͳͺ
PGO waves last between 60 and 360 ms (Callaway et al., 1987), appear at the NREM-ͷͳͻ
REM sleep transition, several seconds before the first rapid EM (Sato et al., 1997), ͷʹͲ
occur in bursts (but isolated spikes are also observed (Jeannerod and Kiyono, 1969)), ͷʹͳ
and are typically, but not always associated with trains of EMs (Morrison and ͷʹʹ
Pompeiano, 1966). Although PGO waves have been recorded in many species, ͷʹ͵
including nonhuman primates, their existence in humans remains controversial. A ͷʹͶ
relation between sawtooth and PGO waves has been suggested based on the similar ͷʹͷ
temporal characteristics, including their association with rapid EMs (Ishiguro et al., ͷʹ͸
1979; Takaharaa et al., 2009), but the different cortical distributions (fronto-central vs ͷʹ͹
occipital) have hampered further analogies. The temporo-occipital component that we ͷʹͺ
identified here may actually represent the cortical manifestation of human PGO ͷʹͻ
waves. The increases in gamma power associated with sawtooth waves fit well with ͷ͵Ͳ
this hypothesis. Indeed, PGO waves have been referred to as ‘cortical activation ͷ͵ͳ
waves’ (Calvet and Calvet, 1968) because they are associated with increased neuronal ͷ͵ʹ
firing in several cortical regions. Consistent with our findings, gamma power ͷ͵͵
increases have been reported during rapid EM in frontal and central regions in REM ͷ͵Ͷ
sleep (Abe et al., 2008; Vijayan et al., 2017) and during phasic compared to tonic ͷ͵ͷ
REM sleep (Corsi-Cabrera et al., 2008). Among the few case studies documenting ͷ͵͸
ͳʹ

potential human PGO-wave equivalents using intracranial recordings (Salzarulo et al., ͷ͵͹
1975; Lim et al., 2007; Fernández-Mendoza et al., 2009), one described the presence ͷ͵ͺ
of simultaneous sawtooth waves in the scalp EEG, in addition to increases in gamma ͷ͵ͻ
activity (15-35 Hz), supporting the analogy between sawtooth and PGO waves ͷͶͲ
(Fernández-Mendoza et al., 2009).  ͷͶͳ
 ͷͶʹ
The correlation between sawtooth waves and rapid EM raises the question of whether ͷͶ͵
sawtooth waves are directly involved in rapid EM generation. However, several ͷͶͶ
points argue against this possibility. First, although saccades during wakefulness and ͷͶͷ
REM sleep share many common features, including analogous ERP waveforms, the ͷͶ͸
same phase reset of theta activity in medial temporal regions, a comparable ͷͶ͹
modulation of neuronal firing rates (Andrillon et al., 2015) and the activation of ͷͶͺ
similar brain regions (Hong et al., 1995; Ioannides et al., 2004), sawtooth waves do ͷͶͻ
not accompany rapid EM during wakefulness. Second, while sawtooth waves clearly ͷͷͲ
encompass the frontal and supplementary eye field, they also extend beyond these ͷͷͳ
regions, to V1, the SMA and limbic regions (midcingulate, inferior/middle temporal ͷͷʹ
cortex). Activations of these areas (Maquet et al., 1996; Nofzinger et al., 1997; Braun ͷͷ͵
et al., 1998; Ioannides et al., 2004; Abe et al., 2008) and the LGB (Peigneux et al., ͷͷͶ
2001; Wehrle et al., 2005; Miyauchi et al., 2009) have been shown to differentiate ͷͷͷ
brain activity during REM sleep from EM during wakefulness (Peigneux et al., 2001; ͷͷ͸
Miyauchi et al., 2009). Our results suggest that these differences may be mediated by ͷͷ͹
sawtooth waves, which are concomitant to EMs. Finally, the fronto-central ͷͷͺ
topography is almost identical to some NREM potentials that are not associated with ͷͷͻ
EMs, including vertex waves (Yasoshima et al., 1984; Siclari et al., 2014) and high-ͷ͸Ͳ
frequency activity increases following type I slow waves (Siclari et al., 2014, 2018; ͷ͸ͳ
Bernardi et al., 2018). During wakefulness, vertex potentials can be induced by ͷ͸ʹ
sudden and intense stimuli of various sensory modalities, including pain. These ͷ͸͵
potentials have been suggested to be related to stimulus saliency, that is, the ability of ͷ͸Ͷ
a stimulus to stand out from its surroundings (Legrain et al., 2011). Rapid EMs ͷ͸ͷ
following sawtooth waves may thus constitute a reaction to a salient, possibly dreamt ͷ͸͸
event. Consistent with this, PGO spikes can be induced in cats using sounds, during ͷ͸͹
both quiet wakefulness, REM and NREM sleep, and may accompany a ‘startle-like’ ͷ͸ͺ
reaction (Bowker and Morrison, 1976), suggesting common behavioral significance ͷ͸ͻ
of these potentials across states.  ͷ͹Ͳ
 ͷ͹ͳ
Future studies should explore the relationship between sawtooth waves and midline ͷ͹ʹ
frontal rhythms in the delta and theta frequency range that have been linked to ͷ͹͵
cognitive processes during wakefulness and are phase coupled to gamma oscillations ͷ͹Ͷ
(Gevins et al., 1997; Sauseng et al., 2010; Fujisawa and Buzsáki, 2011). Also, given ͷ͹ͷ
the prominent inferior temporal component of sawtooth waves, it would be of interest ͷ͹͸
to evaluate how sawtooth waves relate to hippocampal delta rhythms of REM-sleep ͷ͹͹
that have been suggested to represent the human counterpart of hippocampal theta of ͷ͹ͺ
mammalian REM sleep (Bódizs et al., 2001; Clemens et al., 2009; Moroni et al., ͷ͹ͻ
2012). ͷͺͲ
 ͷͺͳ
Medial-occipital slow waves. The second cluster of delta waves consisted of ͷͺʹ
occipital slow waves (<2 Hz). This finding is consistent with previous work, ͷͺ͵
describing the maximal peak of low-delta activity in occipital areas during REM-ͷͺͶ
sleep (e.g., (Tinguely et al., 2006; Ferrara and De Gennaro, 2011)). Our results ͷͺͷ
demonstrate that this source of delta activity is due to small, local slow waves that are ͷͺ͸
ͳ͵

not modulated by phasic REM and are associated with a suppression of gamma ͷͺ͹
activity, similar to NREM slow waves (e.g., (Siclari et al., 2014)). We also show, for ͷͺͺ
the first time, that occipital slow waves occur with a similar density, but different ͷͺͻ
amplitudes, across all sleep stages. The amplitude of delta waves was higher in N3 ͷͻͲ
relative to N2 or REM sleep and decreased across subsequent REM-sleep periods. ͷͻͳ
These variations may reflect neuromodulatory and sleep-dependent changes in ͷͻʹ
synaptic density/strength which may affect the efficiency of neural synchronization ͷͻ͵
during the generation and spreading of slow waves (Riedner et al., 2007; Tononi and ͷͻͶ
Cirelli, 2014). On the other hand, occipital slow wave density remained similar in ͷͻͷ
NREM and REM sleep, but was higher than in wakefulness. Consistent with this, the ͷͻ͸
occipital cortex, relative to other cortical areas, shows the smallest changes in SWA at ͷͻ͹
NREM-REM sleep transitions (De Gennaro et al., 2002; Ferrara and De Gennaro, ͷͻͺ
2011). The relatively low frequency of occipital REM slow waves (<2 Hz) is in line ͷͻͻ
with the recent observation of a lower frequency of occipital NREM slow waves (~1 ͸ͲͲ
Hz) relative to anterior areas (Bersagliere et al., 2017).  ͸Ͳͳ
 ͸Ͳʹ
Our observation of local occipital slow waves occurring at a similar rate across ͸Ͳ͵
NREM and REM-sleep is consistent with the hypothesis that slow waves in primary ͸ͲͶ
cortices play a role in sensory disconnection during sleep (Funk et al., 2016). ͸Ͳͷ
However, with respect to slow waves recently described in mice (Funk et al., 2016), ͸Ͳ͸
several differences should be noted. First, we did not observe SWA peaks in primary ͸Ͳ͹
cortices other than V1. It is possible that local slow waves in other primary cortices ͸Ͳͺ
may have been masked by the preponderant sawtooth activity in these areas. Indeed, ͸Ͳͻ
in a recent study comparing SWA between REM and wakefulness, SWA activity was ͸ͳͲ
found to be higher in primary sensory cortices in REM sleep after excluding sawtooth ͸ͳͳ
waves (Baird et al., 2018). This possibility is also in part supported by the observation ͸ͳʹ
of a relative decrease in the fronto-central wave density in the 1-2 Hz range during ͸ͳ͵
REM periods dominated by ‘activating’ sawtooth waves (i.e., phasic REM). ͸ͳͶ
Consistent with this view, recent work in animal models also described in REM-sleep ͸ͳͷ
a 4 Hz prefrontal oscillation that was modulated separately from a <2 HZ oscillation ͸ͳ͸
after chronic sleep restriction (Kim et al., 2017). Second, in our study we found that ͸ͳ͹
occipital slow waves, as opposed to sawtooth waves, were not modulated by phasic ͸ͳͺ
REM-periods like in the animal study. This may be due to the different definitions of ͸ͳͻ
phasic REM periods that were used, based on rapid EMs in humans and on whisking ͸ʹͲ
events (vibrissal EMG) in mice. However, we cannot exclude that slow waves ͸ʹͳ
observed in these two studies may represent distinct phenomena.  ͸ʹʹ
 ͸ʹ͵
In several key aspects, these findings parallel the recent observation of two distinct ͸ʹͶ
slow wave populations of in NREM sleep: widespread fronto-central type I slow ͸ʹͷ
waves, temporally related to high-frequency increases (micro-arousals), and diffusely ͸ʹ͸
distributed, local type II slow waves that do not seem to be related to arousal systems ͸ʹ͹
(Siclari et al., 2014, 2018; Bernardi et al., 2018; Spiess et al., 2018). Thus both REM ͸ʹͺ
and NREM sleep appear to be characterized by fronto-central, potentially ‘activating’ ͸ʹͻ
delta waves that stand out from the background of remaining of slow waves. ͸͵Ͳ
 ͸͵ͳ
Limitations. We focused on a minority of delta waves that were typical of clusters ͸͵ʹ
emerging from topographical analyses. Thus, there is a large ‘unclassified’ ͸͵͵
background of delta waves that remains unexplored in the present study. Due to ͸͵Ͷ
volume conduction affecting scalp EEG recordings, masking effects of prominent ͸͵ͷ
sawtooth waves with respect to other slow waves could not be avoided. Future human ͸͵͸
ͳͶ

studies using intracranial recordings should explore the regional distribution of slow ͸͵͹
waves in REM sleep (primary vs. secondary sensory cortices) and their association ͸͵ͺ
with off-periods.  ͸͵ͻ
 ͸ͶͲ
Conclusions. Delta waves (≤4 Hz) are an integral feature of REM-sleep. There ͸Ͷͳ
appear to be at least two distinctive clusters of delta waves with different properties: a ͸Ͷʹ
fronto-central cluster characterized by faster, activating ‘sawtooth waves’ that share ͸Ͷ͵
many characteristics with PGO waves described in animals, and a medial-occipital ͸ͶͶ
cluster containing slow waves which are more similar to NREM sleep slow waves.  ͸Ͷͷ
͸Ͷ͸
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Figure/Table Legends ͺͺ͹
 ͺͺͺ
Table 1. Sleep parameters (average and standard deviation) for the 16 subjects ͺͺͻ
included in the study. ͺͻͲ
Figure 1. Properties of delta waves in REM-sleep. An automatic detection algorithm ͺͻͳ
was applied to the EEG signal of each electrode to identify negative half-waves with a ͺͻʹ
duration of 125-500 ms (≤4 Hz). Different wave properties were extracted and ͺͻ͵
analyzed (panel A), including density (number of waves per minute; w/min), negative ͺͻͶ
amplitude (μV), duration (ms) and number of negative peaks (np/w). Of note, a ͺͻͷ
similar distribution was obtained for negative peaks when values were expressed ‘per ͺͻ͸
second’ instead of ‘per wave’, although highest values were found in more lateral ͺͻ͹
posterior, rather than medial posterior regions. Panel B (left) shows, for a fronto-ͺͻͺ
central and a medial-occipital electrode, the difference (%) in the relative proportion ͺͻͻ
of waves for durations between 125 and 500 ms (25 ms bins). The relative difference ͻͲͲ
between the two electrodes in % was calculated for each duration bin. Vertical bars ͻͲͳ
indicate one standard deviation from the group mean (SD). The table on the right side ͻͲʹ
displays mean values and SD for density, amplitude and negative peaks (neg. pks) for ͻͲ͵
the faster fronto-central and the slower medial-occipital delta waves. ͻͲͶ
Figure 2. Temporal distribution of delta waves (occurrence in bursts). Bursts were ͻͲͷ
defined as series of at least 3 consecutive waves (1-5 Hz) whose maximum negative ͻͲ͸
peaks were separated by less than 750 ms. From left to right, the plots display the ͻͲ͹
density of delta wave bursts (number of bursts per minute), the mean amplitude (μV) ͻͲͺ
and duration (ms) of waves included in a burst, and the number of waves included in ͻͲͻ
the burst (expressed as waves per burst). ͻͳͲ
Figure 3. Relationship between fronto-central and medial occipital delta waves. Panel ͻͳͳ
A shows the typical scalp involvement for the two types of delta waves. For each ͻͳʹ
delta wave detected in the two electrodes of interest (fronto-central and medial-ͻͳ͵
occipital), the number of concurrent detections (in a window of 200 ms, centered on ͻͳͶ
the wave negative peak) in other electrodes was computed. Thus, each map shows the ͻͳͷ
number of cases in which each electrode showed a co-occurring delta wave (the ͻͳ͸
electrode of interest has 100% value in each map). Panel B shows the relative ͻͳ͹
occurrence of simultaneous detections (of the same type/duration) across the two ͻͳͺ
electrodes of interest. ͻͳͻ
Figure 4. Panel A shows representative REM-sleep EEG traces (negative-up on the y-ͻʹͲ
scale) containing fronto-central delta waves with a duration of 125-250 ms (half-ͻʹͳ
wave). The orange dots indicate waves identified by the automatic detection ͻʹʹ
algorithm in the Cz electrode, while the red box marks the occurrence of eye ͻʹ͵
movements (EMs). Most waves corresponded to typical notched sawtooth waves of ͻʹͶ
REM-sleep. Panel B shows density- and power-based maps indicating their ͻʹͷ
topographic distribution. Power spectral density (PSD) was calculated in 6s epochs ͻʹ͸
and across all REM cycles using the Welch’s method (8 sections, 50% overlap) and ͻʹ͹
ʹͳ

integrated in the frequency-range of interest. Panel C shows the typical peak of ͻʹͺ
activity of fronto-central waves in source space (overlap between subjects). Panel D ͻʹͻ
shows a comparison between wave density before and after isolated eye movements ͻ͵Ͳ
and between phasic and tonic REM-periods. Panel E depicts the relationship between ͻ͵ͳ
delta and gamma activity (RMS of band-limited signal). RMS traces were aligned ͻ͵ʹ
using the maximum negative peak of each wave as a reference. * marks a significant ͻ͵͵
increase of gamma activity at the wave peak with respect to baseline (p < 0.05). ͻ͵Ͷ
Figure 5. Correlation between the number of sawtooth waves preceding rapid eye ͻ͵ͷ
movements and the number of subsequent rapid eye movements. For each isolated ͻ͵͸
group of eye movements, the burst of the 125-250 ms half-waves (amplitude > 10 μV, ͻ͵͹
inter-wave distance < 1 s) closest to the beginning of the first eye movement ͻ͵ͺ
(maximum distance < 600 ms) was identified. White dots mark significant effects at ͻ͵ͻ
group level (p < 0.05, corrected). ͻͶͲ
Figure 6. Cortical sources of typical sawtooth waves. Panel A shows the EEG traces ͻͶͳ
(three electrodes, corresponding to Fz, Cz, and Pz; negative-up on the y-scale) of two ͻͶʹ
representative notched sawtooth waves (±250 ms around the negative peak of the ͻͶ͵
algorithm detection). Panel B shows the scalp and cortical involvement corresponding ͻͶͶ
to the notch and the maximal negative peak of a single sawtooth wave. Panel C shows ͻͶͷ
the difference in average involvement between the notch and maximal negative peak ͻͶ͸
(computed across 267 sawtooth waves in one representative subject, similar results ͻͶ͹
were obtained in other participants). For this evaluation, all detections in one subject ͻͶͺ
were visually inspected to identify typical sawtooth waves with a negative amplitude ͻͶͻ
greater than 20 μV and a well-recognizable notched, triangular shape. The timing of ͻͷͲ
the notch and the maximal negative peak were marked manually. Differences shown ͻͷͳ
in Panel C are statistically significant over all voxels (p<0.05, corrected). ͻͷʹ
Figure 7. Panel A shows representative REM-sleep EEG traces (negative-up on the y-ͻͷ͵
scale) containing medial-occipital delta waves with a duration of 300-500 ms (half-ͻͷͶ
wave). The blue dot indicates a wave identified by the automatic detection algorithm ͻͷͷ
in the Oz electrode. Panel B shows density- and power-based maps indicating their ͻͷ͸
topographic distribution. Power spectral density (PSD) was calculated in 6 s epochs ͻͷ͹
and across all REM cycles using the Welch’s method (8 sections, 50% overlap) and ͻͷͺ
integrated in the frequency-range of interest. Panel C shows the typical peak of ͻͷͻ
activity of medial-occipital waves in source space (overlap between subjects). Panel ͻ͸Ͳ
D shows a comparison between medial-occipital wave density before and after ͻ͸ͳ
isolated eye movements and between phasic and tonic REM-periods. Finally, panel E ͻ͸ʹ
depicts the relationship between delta and gamma activity (RMS of band-limited ͻ͸͵
signal). RMS traces were aligned using the maximum negative peak of each wave as a ͻ͸Ͷ
reference. * marks a significant decrease of gamma activity at the wave peak with ͻ͸ͷ
respect to baseline (p < 0.05). ͻ͸͸
Figure 8. Overnight changes in the amplitude of delta waves in REM sleep for the ͻ͸͹
‘sawtooth’ frequency range (125-250 ms) and the medial-occipital wave range (300-ͻ͸ͺ
ʹʹ

500 ms). A diffuse decrease in amplitude was observed for both frequency ranges. ͻ͸ͻ
White dots mark significant effects at group level (p < 0.05, corrected). ͻ͹Ͳ
Figure 9. Relative variations in the density and amplitude of fronto-central and ͻ͹ͳ
medial-occipital delta waves in N2 and N3 with respect to REM sleep. The dashed red ͻ͹ʹ
line corresponds to the level observed in REM sleep (100%). * denotes significant ͻ͹͵
effects at p < 0.05 (red for Friedman test for stage-effect, black for post-hoc Wilcoxon ͻ͹Ͷ
signed rank tests). ͻ͹ͷ
Figure 10. Relative topographic distribution of EEG waves with durations of 125-250 ͻ͹͸
ms (left) and 300-500 ms (right) in N2, N3 and REM sleep. Density values were z-ͻ͹͹
scored to facilitate comparison across stages. The strong frontal slow wave activity in ͻ͹ͺ
NREM sleep likely masks the smaller delta waves in posterior regions. ͻ͹ͻ
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Table 1 - Sleep parameters 
 
 
Parameter (N=16) Average SD 
Total Sleep Time (min) 397.5 79.8 
N1 Time (min) 21.8 15.2 
N1 Proportion (%) 5.6 4.2 
N2 Time (min) 209.5 52.1 
N2 Proportion (%) 52.9 9.0 
N3 Time (min) 78.0 29.6 
N3 Proportion (%) 20.0 6.5 
REM Time (min) 88.3 33.3 
REM Proportion (%) 21.5 6.1 
REM Latency (min) 91.5 33.5 
REM Cycles (n) 4.0 1.4 
 
Table 1. Sleep parameters (average and standard deviation) for the 16 subjects included in the study. 
 
